Gas vesicle formation in haloarchaea involves 14 gas vesicle protein (gvp) genes. The strong promoter P A drives the expression of gvpACNO, which encodes the major gas vesicle structural proteins GvpA and GvpC, whereas the oppositely oriented promoter P D initiates the synthesis of the two regulator proteins, GvpD and GvpE. GvpE activates P A and P D , and requires a 20 nt upstream activator sequence (UAS). UAS A and UAS D partially overlap in the centre of the 35 bp intergenic region. The basal and GvpE-induced activities of P A and P D were investigated in Haloferax volcanii transformants. Each UAS consists of two 8 nt portions (P A , 1A+2A; P D , 1D+2D), and mutations in the overlapping 1A and 1D portions affected the GvpE induction of both promoters. Substitution of one of the UAS portions by a nonsense sequence showed that a complete UAS is required for activation. The activation of P A was more efficient compared with P D . Promoter P A with UAS A in configuration 1A+1A was still activated by GvpE, but P D was not inducible with UAS D in configuration 1D+1D. The TATA box and/or transcription factor B recognition element (BRE) were exchanged between P A and P D . All elements of P A functioned well in the environment of 'P D ' and transferred the stronger P A activity to 'P D '. In contrast, the respective 'P A ' chimeras were less active, and BRE D was not functional in the environment of 'P A '. The relative strengths of the two promoters were substantially determined by the BRE. A 4 nt scanning mutagenesis uncovered an additional regulatory element in the region between TATA D and the transcriptional start site of gvpD.
INTRODUCTION
Archaea are members of the third domain of life, and their gene expression involves a simplified version of the eukaryal transcription system (Bell et al., 1999a, b; Geiduschek & Ouhammouch, 2005) . The archaeal transcription machinery consists of a multi-subunit RNA polymerase (RNAP), homologous to RNAPII of eukarya, and three general transcription factors (GTFs), i.e. the TATA box binding protein (TBP), transcription factor B (TFB; an orthologue to TFIIB found in eukarya), and transcription factor E (TFE). Most archaea contain a single copy of TBP and a few copies of TFB, but halophilic archaea (haloarchaea) harbour several of these genes. Halobacterium (Hbt.) salinarum contains up to eight different tfb and six different tbp genes, which contribute to gene regulation under different growth conditions (Baliga et al., 2000; Coker et al., 2007; Facciotti et al., 2007; Teufel et al., 2008; Turkarslan et al., 2011; Bleiholder et al., 2012) .
Mechanisms of transcriptional regulation include regulatory proteins acting as repressors or activators. In archaea, transcriptional regulation is mediated mostly by repressor proteins; only a few transcriptional activators are known, including GvpE, which enhances the transcription of genes involved in gas vesicle formation of Hbt. salinarum (Krüger et al., 1998; Plößer & Pfeifer, 2002) . The 21 kDa GvpE contains a leucine-zipper motif at the C terminus required for dimer formation, and two DNA binding motifs. Gas vesicle formation involves the expression of two oppositely oriented gene clusters, gvpACNO and gvpDEFGHIJKLM (p-vac region), which are transcribed from four promoters, P A , P D , P F and P O (Fig. 1a) (Englert et al., 1992) . The strongest promoter is P A , which has an easily detectable basal activity throughout growth. P A drives the synthesis of the major gas vesicle structural protein GvpA, forming the gas-permeable gas vesicle wall, and also the synthesis of the second structural protein, GvpC, which stabilizes the structure formed by GvpA by attaching to the outside of the gas vesicle (Offner & Pfeifer, 1995) . P F is responsible for the transcription of the gvpFGHIJKLM genes during the exponential growth phase, leading to minor amounts of accessory Gvp proteins presumably involved in early stages of gas vesicle formation (Fig. 1a) . P D drives the expression of gvpDE, leading to the formation of the two regulatory proteins GvpD and GvpE (Offner & Pfeifer, 1995) . GvpD represses gas vesicle formation in the stationary growth phase, whereas GvpE significantly enhances transcription initiation at the oppositely oriented P D and P A . Relatively small amounts of GvpE are sufficient for full promoter activation (Zimmermann & Pfeifer, 2003) . GvpD and GvpE are able to interact, and the amount of GvpE is significantly reduced in the presence of GvpD (Zimmermann & Pfeifer, 2003; Scheuch & Pfeifer, 2007) . The reduction in the amount of GvpE results in the inhibition of gas vesicle formation (Scheuch et al., 2008) . GvpE also interacts with the two transcription factors TFB and TFE, supporting the hypothesis that GvpE helps to recruit the transcriptional apparatus to the promoter (Teufel & Pfeifer, 2010; Bleiholder et al., 2012) . The molecular basis for the different P A and P D promoter strengths has not yet been explored.
Haloarchaeal promoters have been investigated in vivo using Hbt. salinarum or Haloferax (Hfx.) volcanii transformants. Hfx. volcanii is easy to transform, lacks all gvp genes and serves as a clean genetic background. Also, this haloarchaeon contains different tfb and tbp genes that are homologous to those of Hbt. salinarum. The basal and GvpE-induced activities of P A and P D have been quantified in Hfx. volcanii transformants using the bgaH reading frame encoding an enzyme with b-galactosidase activity as reporter (Holmes & Dyall-Smith, 2000) . Constructs P AbgaH and P D -bgaH containing the P A or P D promoter fused to bgaH have been used to determine the promoter activities by ONPG assay (Hofacker et al., 2004; Gregor & Pfeifer, 2005; Bauer et al., 2008) . In the presence of GvpE, the BgaH activity produced by P A -bgaH increased by 70-to 100-fold, and the activity produced by P D -bgaH by 20-to 40-fold, underlining the differences in promoter strength. Construct pE ex harbours the gvpE reading frame under ferredoxin promoter control in the haloarchaeal expression vector pJAS35, and is used to supply GvpE in these transformants.
The sequences required for the GvpE-mediated activation of P A and P D have been identified by scanning mutageneses using P A -bgaH and P D -bgaH, or the dual promoter construct pApD-bgaH (termed pApD UAG in Bauer et al., 2008) . The 21 nt GvpE-responsive elements, i.e. the Fig. 1 . p-vac region and sequence of the P A -P D promoter region, and the two dual-promoter constructs used. (a) The p-vac region consists of the 14 gvp genes organized as two oppositely oriented units, gvpACNO and gvpDEFGHIJKLM. The four promoters P A , P D , P F and P O are marked, and the direction of transcription is indicated by arrows. The sequence of the P A -P D promoter region contains the regulatory elements UAS, BRE and TATA for both promoters. The sub-portions of both UASs are labelled 1A and 2A for UAS A (activation of P A ), and 1D and 2D for UAS D (activation of P D ). (b) Schematic view of the two dualpromoter constructs used. The bgaH reading frame encodes an enzyme with b-galactosidase activity used as a reporter.
upstream activator sequences (UASs) UAS A and UAS D , are located immediately upstream of transcription factor B recognition element (BRE) A or BRE D . Both UASs are related and consist of two 8 nt portions, a distal portion 1 and a proximal portion 2 separated by 4 nt (Fig. 1a) . Since the distance between BRE A and BRE D is, at 35 nt, rather short, 1A of UAS A and 1D of UAS D overlap almost completely in the centre of this region. Mutations in this central area significantly reduce the activity of both promoters in pApD-bgaH transformants (Bauer et al., 2008) .
To investigate the characteristics of the two UAS elements of the P A -P D promoter region in further detail and to determine the elements responsible for the different promoter strengths, the two promoters were investigated by nonsense substitutions or the exchange of portion 1 or portion 2 in two different dual-promoter constructs carrying the bgaH reading frame fused either to P A or to P D . In addition, the UASs, BREs and TATA boxes of P A and P D were exchanged to determine the contributions of these elements to the promoter strengths. Finally, scanning mutagenesis was performed with the sequence between TATA D and the transcriptional start site (TS) of gvpD, which uncovered additional sequences influencing the P D promoter activity.
METHODS

Constructs used to transform Hfx. volcanii WFD11
The plasmids and strains used in these analyses are summarized in Supplementary Table S1 available with the online version of this paper. Hfx. volcanii WFD11 was grown in 3 M medium [3 M NaCl, 150 mM MgSO 4 , 40 mM KCl, 10 mM MgCl 2 , 25 mM Tris/HCl, pH 7.2, 0.05 % (w/v) CaCl 2 , 0.5 % (w/v) tryptone, 0.3 % (w/v) yeast extract]. Liquid cultures were grown at 37 uC, and cultures on solid medium were grown in plastic bags at 40 uC. The pE ex construct contains the gvpE reading frame expressed under fdx promoter control in pJAS35 . The constructs P A -bgaH, P D -bgaH and pApD-bgaH (pApD UGA ) have been described previously (Gregor & Pfeifer, 2001; Bauer et al., 2008) . All mutants produced were constructed by mutagenesis PCR using synthetic oligonucleotides listed in Table S2 . The site-directed mutagenesis PCR was done using PfuUltra DNA polymerase to introduce the desired mutation via the primer pair and amplification of the entire vector plasmid in a single step according to the Instruction Manual of the QuikChange site-directed mutagenesis kit (Stratagene/Agilent Technologies). The use of oligonucleotide primers for PCR that bind adjacent to each other with their 59 termini at the plasmid template resulted in linear blunt-end fragments. After the PCR amplification the reaction was incubated with DpnI to eliminate the methylated and hemimethylated template plasmid and to select for the newly amplified, nonmethylated fragments. The fragments were phosphorylated using T4 phosphonucleotide kinase, ligated with T4 ligase, and used to transform Escherichia coli Top10F9 to obtain the plasmids carrying the desired mutation. All constructs isolated from E. coli were verified by DNA sequence analysis to confirm the presence of the mutations. P D -bgaH mutants. Construct P D -bgaH was used as template for the UAS D substitutions and the 4 nt scanning mutagenesis up to the TS. For the construction of pD1+1 or pD1+D2 (UAS D portion 2 replaced by a nonsense sequence), primer 39-pD1 was used together with 59pD1+1 or 59pD1delta2 (Table S2 ). pD2+2 or pDD1+2 (UAS D portion 1 replaced by a nonsense sequence) were produced using the primers 39-pD2 plus 59pD2+2 or 59pDdelta1+2. The substitutions of UAS D in construct pApD-bgaH (pApD UGA in Bauer et al., 2008) were introduced by PCR using an XbaI-BamHI fragment of pApD-bgaH inserted in pBluescript SK+ as template. The resulting fragments were inserted in the haloarchaeal vector pWL102 (Lam & Doolittle, 1989) . pApDD1+2 (UAS D portion 1 replaced by a nonsense sequence) was constructed using primer 39-pA2 plus pDpA(delta1)59 (Table S2 ). pApD1+1 and pApD1+D2 (UAS D portion 2 replaced by a nonsense sequence) were produced using 39-pD1 plus 59pD1+1 or plus 59pD1delta2. The scanning mutations of M1-M12 were introduced in P D -bgaH using primer 39-pD1 plus one of the 59 primers pDMut1/59 to pDMut4/59, or pDMut5-12/59 plus the respective 39 primers pDMut5/39 to pDMut12/39 for mutagenesis PCR.
pDpA-bgaH and mutants. Plasmid pDpA-bgaH was constructed using the oligonucleotides 39PpA-bgaH/NcoI and 59p-gvpD/XbaI and p-vac-pWL102 as template to amplify an 1861 bp NcoI-XbaI fragment that was inserted in pBSK-bgaH. The latter construct was produced by excising the P A promoter from pBSK-P A -bgaH using XbaI-NcoI. The resulting pDpA-bgaH-pBSKII+ and plasmid P AbgaH-pWL102 were digested with XbaI and AarI to exchange the respective sequences in pWL102. All modified pDpA-bgaH sequences were constructed in this way. To insert three UGA stop codons starting at nucleotide 31 in gvpD, the primer pair 59p-gvpD+UGA and 39p-gvpD+UGA was used together with pApD-bgaH-pBSKII+ as template. All further substitutions of UAS A (i.e. exchanging portion 1A or 2A) were produced using the pDpA-bgaH UGA in pBSKII+ as template. pDpAD1+2 was produced using primer pair 39-pA2 plus pDpA(delta1)59. Constructs pDpA1+1 or pDpA1+D2 were produced using 39-pA1 plus 59pA1+1delta2 or pA1delta2(2)59, respectively. In each case, the resulting fragment was transferred to the haloarchaeal vector pWL102 as described above.
The exchange of the BRE of P A and P D in pDpA-bgaH (construct BRE) was achieved by two consecutive PCR using primers 59pDpA-DBRE and 39pA1 to substitute BRE A of P A with BRE D in the first reaction. The exchange of BRE D for BRE A was done using primer pair pApD-A-BRE39 and pApD-A-BRE59. The substitution of TATA A by TATA D (construct TATA) was performed in two consecutive PCRs using primers pApD-D-TATA59 and pDpA-D-BRE+TATA39 to substitute TATA A with TATA D in 'P A '. The resulting construct was used as template for a second PCR with primer pair pApD-A-TATA39 and pApD-A-BRE+TATA59 to substitute TATA D with TATA A in 'P D '. The exchange of BRE+TATA between P A and P D (construct B+T) was prepared in two consecutive PCRs using primers pDpA-D-BRE+TATA59 and pDpA-D-BRE+TATA39 in the first reaction to substitute T+B of P A with the respective sequences of P D , and pApD-A-BRE+TATA39 plus pApD-A-BRE+TATA59 in the second PCR to substitute the two elements at 'P D ' with T+B of P A . The inversion of the intergenic region in pDpAinvE (construct InvE) was achieved using the oligonucleotides pApD-invert-rev59 and pApD-invert-rev39 together with pDpA-bgaH as template. Construct InvE+B was produced by two consecutive PCRs using pDpAinvE as template with primer pair pDpA-inv(ABRE)59 and pDpA-inv(A)39 to substitute BRE A with BRE D . A second PCR was performed with the resulting construct and primers pDpA-inv(DBRE)59 and pDpA-inv(D)39 to substitute BRE D with BRE A (Table S2) digestion and DNA sequence analysis to confirm the presence of the desired mutations. Prior to the transformation of Hfx. volcanii, each construct was passaged through E. coli dam 2 strain GM 1674 (Palmer & Marinus, 1994) to avoid a haloarchaeal restriction barrier. Transformation of Hfx. volcanii was done as described previously , and transformants were selected on solid media containing 6 mg mevinolin ml 21 (for selection of pWL102) and/or 0.2 mg novobiocin ml 21 (selection of pJAS35). Mevinolin is a derivative of lovastatin that was obtained from MSD Sharp & Dohme. The amount and presence of the constructs in each Hfx. volcanii transformant were controlled by an analysis of the isolated plasmids. The BgaH activity was measured by ONPG assay in cell lysates as described by Holmes & Dyall-Smith (2000) . The protein concentration was determined by Bradford assay using BSA as standard.
Isolation of RNA and transcript analysis. RNA was isolated according to Chomczynski & Sacchi (1987) from Hfx. volcanii cultures in late exponential growth (OD 600 1.8-2.0). An additional phenol/chloroform treatment was added after the first precipitation of the RNA. Northern analysis was performed as described previously (Bauer et al., 2008) . The bgaH gene probe was synthesized using the 2.2 kb bgaH fragment inserted in pBluescriptSK+ as template for T7 polymerase, and the gvpA or gvpD RNA probes were similarly produced using the respective reading frames inserted in pBluescriptSK+. The RNA was labelled using the DIG RNA Labeling kit (Roche). Northern hybridization was carried out as described previously (Bauer et al., 2008) . For RNA transfer control, the membranes were stained with methylene blue [0.04 % (w/v)], 0.5 mM sodium acetate, pH 5.5, and de-stained by incubation in deionized water. RNA dot blot analysis was performed using a Minifold I Dot-Blot System (Schleicher & Schuell). The RNA was fixed to the nylon membrane by UV cross-linking and used for hybridization as described for Northern blots (Bauer et al., 2008) .
RESULTS AND DISCUSSION
Earlier investigations on the UAS elements of P A and P D had been performed with the two single-promoter constructs P A -bgaH and P D -bgaH and the dual-promoter construct pApD-bgaH (Bauer et al., 2008) . The latter construct allows the simultaneous measurements of the P D promoter activity by ONPG assay and the P A promoter activity by determination of the amount of gvpA mRNA (Fig. 1b) . Also, to quantify the activity of P A by ONPG assay, an additional dual construct, pDpA-bgaH, was produced, where P A was fused to bgaH and P D activity could be determined by the amount of gvpD mRNA (Fig.  1b) . Construct pDpA-bgaH carried the bgaH reading frame fused to the first 18 nt of gvpA to obtain a BgaH fusion protein similar to that from construct pApD-bgaH. Three UGA stop codons were introduced into the gvpD reading frame to prevent the translation of the gvpD mRNA into the GvpD repressor protein. The two dual-promoter constructs pApD-bgaH and pDpA-bgaH, and construct P D -bgaH (Bauer et al., 2008) , were used to substitute the distal or proximal 8 nt portion of UAS D and/or UAS A by a nonsense sequence as performed previously with construct P A -bgaH. The replacement of one UAS portion by a nonsense sequence was designated D1+2 or 1+D2. In addition, portion 1 was substituted by portion 2 (configuration 2+2), or portion 2 was substituted by portion 1 (configuration 1+1). The original UAS 1+2 configuration was thus altered to 1+1, 2+2, D1+2 or 1+D2, and the effects of these alterations on the basal and GvpE-induced P A and/or P D activities were determined in Hfx. volcanii transformants. Construct pE ex was used to supply GvpE in these transformants.
Substitutions in UAS A of construct pDpA-bgaH
The distal (1A) or proximal (2A) portion of UAS A in pDpA-bgaH was substituted with a nonsense sequence, and Hfx. volcanii was transformed with the resulting pDpAD1+2 and pDpA1+D2 constructs. In addition, construct pDpA1+1, containing the UAS A in configuration 1A+1A, was tested for BgaH activity in Hfx. volcanii transformants (Fig. 2) . The basal P A activities (pApD constructs+'empty' pJAS35) of the three mutants were similar to the BgaH activities determined for the pDpAbgaH transformant. The activity of P A in the pDpAbgaH+pE ex transformant was 70-fold induced (207± 36 mU mg
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). This value was equivalent to 100 % of wildtype GvpE induction. Compared with this value, the GvpEinduced P A activities of the various UAS mutants were reduced to 60 % (pDpA1+1+pE ex ), 2 % (pDpA1+D2 +pE ex ) or 4 % (pDpAD1+2+pE ex ) (Fig. 2) . Northern analysis was performed to determine whether this effect occurred at the transcript level. The analysis uncovered a significant reduction of bgaH mRNA in the transformants pDpA1+D2+pE ex and pDpAD1+2+pE ex , whereas the bgaH mRNA levels reporting the basal P A activities were very similar in all four cases (Fig. 3a) . These results underlined that the low BgaH activities of the two pDpAbgaH+pE ex transformants carrying a nonsense substitution in one portion of the UAS (pDpAD1+2 or pDpA1+D2) led to a strong reduction in activation of transcription, suggesting that a complete UAS A element was required for the GvpE-mediated activation of P A . The lack of GvpE-induced activation in pDpAD1+2 was in contrast to the previous results obtained with the singlepromoter construct pAD1+2, where 100 % induction by GvpE was observed (Bauer et al., 2008) . The reason for this discrepancy is still unclear. However, P A was not activated by GvpE in the single-and dual-promoter constructs pA1+D2 and pDpA1+D2, which both lack the UAS A portion 2A, underlining the importance of this proximal portion of UAS A for GvpE-mediated activation of P A .
To determine the basal and GvpE-induced activities of the oppositely oriented P D promoter in pDpA-bgaH and the three UAS D mutants, the gvpD mRNA was semi-quantified by RNA dot blot analysis. Samples (2 mg) of total RNA were serially diluted (1 : 1 each) to a final amount of 1.9610 23 mg RNA, transferred to a nylon membrane and hybridized with a gvpD-specific probe (Fig. 3b) . Methylene blue staining of the membrane confirmed that the amount of total RNA was similar in each case; only the RNA amount of pDpA1+D2 was slightly reduced. Taking the latter result into account, hybridization with a gvpD probe yielded a similar basal activity of P D in all four transformants (Fig. 3b, left) . In the case of the GvpEinduced P D activity, similar amounts of gvpD mRNA were observed in the pDpA-bgaH+pE ex , pDpA1+1+pE ex and pDpA1+D2+pE ex transformants, whereas a twofold reduction was observed in mutant pDpAD1+2+pE ex (Fig. 3b, right) . These data demonstrated that alterations in UAS A portion 2A (i.e. the most distal sequence portion with respect to P D ) had no effect on the GvpE-induced activity of P D , but an alteration of portion 1A reduced the activation of P D , since the overlapping portion 1D of UAS D was simultaneously turned into a nonsense sequence. These results underlined the importance of the central region for the activation of both P A and P D .
Substitution of UAS D in P D -bgaH and pApD-bgaH
Similar substitutions were done with UAS D to investigate the effect on the activity of the P D promoter. The singlepromoter construct P D -bgaH and the dual-promoter construct pApD-bgaH were used for these experiments. Hfx. volcanii was transformed with P D -bgaH and the mutant constructs pD1+1, pD2+2, pD1+D2 and pDD1+2 (with or without pE ex ), and the basal or GvpEinduced BgaH activities were determined by ONPG assay (Fig. 2) . The basal P D promoter activities were all in the same range [3-12 mU (mg BgaH)
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], implying that the alterations upstream of BRE D had no influence on the basal transcription of P D . GvpE induced P D 22-fold (68±21 mU mg 21 ); this value was taken as 100 % (Fig. 2) . The GvpEinduced P D activities of the transformants pD1+1+pE ex , pD1+D2+pE ex and pDD1+2+pE ex almost remained at the level of the basal activity of P D , indicating that the P D promoter was barely activated in these three mutants. In contrast, GvpE induced the P D promoter in pD2+2 almost to the level of the wild-type activity (88 %), demonstrating that the UAS D configuration 2D+2D functioned very well (Fig. 2) . Similar results had been seen previously with the corresponding pA2+2 mutant, which reached 77 % of the GvpE-induced P A promoter activity (Bauer et al., 2008) . The lack of GvpE induction in the two P D -bgaH mutants carrying the nonsense sequence at position 1 or 2 (pD1+D2 and pDD1+2) underlined the fact that an entire 20 nt UAS D is required for GvpE activation of P D .
The almost complete repression of GvpE-mediated activation in pD1+1 transformants suggested that portion 1D could not substitute for 2D in UAS D . A reason for the lack of activation could be that portion 1D carries the overlapping and oppositely oriented portion 1A of UAS A , which might act more strongly in the direction of P A (Fig.  4) . This hypothesis was supported by the fact that P A in pA1+1 is still activated by GvpE (41 % of wild-type P A activity), although UAS A portion 1A also carries the overlapping portion 1D (Bauer et al., 2008) . These results implied that UAS A portion 1A acts more strongly on P A activation than the overlapping UAS D sequence 1D helps to activate P D (see Fig. 4b ).
A comparison of the P A and P D activation in constructs P DbgaH and P A -bgaH yielded different promoter strengths. The strongest GvpE-induced activity was observed with the UAS A wild-type configuration 1A+2A, followed by 2A+2A and 1A+1A (Table 1 ). The UAS D configurations 1D+2D (wild-type) and 2D+2D were both in the range of 68 ± 21 60 ± 5.0 8 ± 1.5 11 ± 2.5 6 ± 2.0 165 ± 6 28 ± 4 41 ± 6 18 ± 4 3.0 ± 1.8 3.4 ± 1.4 3.6 ± 2.0 12.7 ± 4.0 4.7 ± 1.8
11.6 ± 2.1 12.4 ± 1.1 18.9 ± 1.0 5.9 ± 0.7 3.3 ± 1.2 1.9 ± 0.8 2.9 ± 1.8
+ GvpE
Percentage of GvpEinduced WT BgaH (mU mg -1 ) pDpA1 + Δ2 pDpAΔ1 + 2 pD2 + 2 pD1 + 1 Fig. 2 . Promoter sequences and alterations of UASs. The 8 nt portions of the respective UASs of P A or P D are labelled 1A and 2A for UAS A , and 1D and 2D for UAS D . The basal and GvpE-induced P A or P D promoter activities measured by BgaH activity are given on the right in mU mg "1 . In each case, three to four different Hfx. volcanii transformants were used to determine the BgaH activities. The GvpE-induced activity of the wild-type promoter was designated as 100 % (underlined), and the GvpEinduced activities of the mutant constructs were calculated accordingly.
Dual promoter with overlapping activator sequences 1A+1A, but 1D+1D was almost inactive (Table 1) . A sequence comparison of these UAS portions shows that the 1D sequence was the least conserved compared with UAS portion 2A, which exhibited the strongest activation.
Similar substitutions of UAS D were introduced in the dualpromoter construct pApD-bgaH and tested in Hfx. volcanii transformants (Fig. 2) . The basal P D activities of the pApDbgaH and of the mutants pApD1+1, pApD1+D2 and pApDD1+2 were similar, and reinforced the hypothesis that the alterations upstream of BRE D had almost no effect on the P D activity. However, the GvpE-mediated activation of P D was significantly reduced in the three UAS D mutants and reached only 11-25 % of the BgaH activity determined for the GvpE-induced wild-type P D (Fig. 2) . These data confirmed the results for the respective P D -bgaH mutants shown above, and underlined that both UAS D portions were required for the GvpE-mediated activation of P D . The UAS D configuration 1D+1D yielded only a very weak GvpE-mediated activation of P D , which was in contrast to the respective P A 1A+1A mutants, where P A was inducible by GvpE (41 % in pA1+1 or 60 % in pDpA1+1) (Fig. 2) (Bauer et al., 2008) . Again, these results supported the hypothesis that the central portion 1A acts more strongly in the direction of P A than in the direction of the oppositely oriented P D (Fig. 4) .
The activity of P A in these pApD-bgaH transformants was semi-quantified by RNA dot blot analysis using serially diluted total RNA and a gvpA-specific probe (Fig. 3c) . The basal P A promoter activities were similar in all four cases, indicating that mutations in UAS D portions 1D and 2D had no effect on the basal P A activity. Compared with the amounts of gvpD mRNA observed for the basal activity of P D (Fig. 3b) , a larger amount of gvpA mRNA was observed in pApD-bgaH, reflecting the stronger basal activity of P A compared with P D (Fig. 3c) . For the GvpE-induced P D mutants, pApD1+1+pE ex showed similar and pApD1+
D2+pE
ex slightly reduced amounts of gvpA mRNA compared with the wild-type, and a twofold reduction was observed with the pApDD1+2+pE ex transformant (Fig.  3c) . Again, these results underlined the importance of the central UAS portion 1 for the GvpE-induced activation of Basal activity GvpE-induced (c) Fig. 3 . Northern analyses to determine the basal and GvpE-induced activities in transformants, and RNA dot blot analyses. (a) Samples (2 mg) of total RNA derived from early stationary growth of pDpA-bgaH transformants were separated on 1.2 % formaldehyde agarose gels, transferred to nylon membranes and probed with a DIG-labelled bgaH-specific probe. The arrow marks the full-length bgaH transcript. The methylene blue-stained nylon membranes at the top show the 16S and 23S rRNA bands used to compare the quality and quantity of total RNA. (b) RNA dot blot analysis to detect the basal (left) and GvpEinduced (right) gvpD mRNAs produced from pDpA-bgaH wild-type and mutants using a DIG-labelled gvpD-specific probe. The amounts of total RNA applied (in mg) are given at the top. The methylene blue-stained nylon membrane was used to visualize the amounts of RNA applied. (c) Similar serial 1 : 1 dilutions of 0.5 mg of total RNA derived from pApD-bgaH wild-type and mutants were probed with a DIG-labelled gvpA-specific probe. The basal (without pE ex , left) and GvpE-induced (right) amounts of gvpA transcripts were determined. P A and P D , and that a nonsense alteration of UAS D portion 2D has almost no effect on P A . A summary of these results is shown in Fig. 4(a) .
Influence of the BRE, TATA box and UAS on P D and P A in pDpA-bgaH
The influence of the promoter elements TATA box, BRE and UAS on the activity of P D and P A was analysed using promoter chimeras carrying an exchange of these elements (Fig. 5a ). Construct pDpA-bgaH was used as template for the construction of these mutants. The constructs produced contained an inversion of the intergenic region (5inversion of UAS; InvE), an inversion of UAS+BRE (InvE+B), or an inversion of UAS+BRE+TATA (InvE+B+T) (Fig. 5a ). In addition, the TATA box, BRE or TATA+BRE (B+T) was exchanged between P A and P D . Hfx. volcanii was transformed with these constructs, and the basal and GvpE-induced promoter activities were determined for the 'P A ' and 'P D ' chimeras.
The basal 'P A ' promoter activities of the two transformants InvE and InvE+B were in the range determined for wildtype P A in pDpA-bgaH. However, the basal 'P A ' activity of the InvE+B+T transformant was, at 0.2 mU (mg BgaH)
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, very low (Fig. 5a) , implying that at least one of the P D promoter elements did not function well with the residual sequences of 'P A '. With respect to the GvpE-induced activities of the 'P A ' chimeras, the inversion of UAS in InvE led to a reduced activity of 'P A ' (55 %), again supporting the hypothesis that UAS D causes a weaker GvpE activation compared with UAS A . The inversion InvE+B yielded similar 'P A ' activities to those found for the P A wild-type (90 %), but the GvpE-mediated 'P A ' activation of InvE+B+T was again reduced compared with the original P A (40 %; Fig. 5a ). The reduction of the GvpE-induced promoter activity in the latter mutant might be due to the very low basal 'P A ' promoter activity observed with this construct.
The basal 'P A ' activity of the TATA box substitution (TATA A substituted by TATA D ) was not altered, demonstrating that TATA D did not affect the activity of 'P A '. However, the substitutions of BRE A or BRE-TATA A (B+T) led to undetectable basal 'P A ' promoter activities, implying that these 'P A ' promoters were not functional (Fig. 5a ). It appeared that BRE D was the main reason for this effect. It is possible that BRE D was unable to recruit the basal transcription apparatus to the environment of the residual 'P A ' promoter. Also, the GvpE-induced 'P A ' promoter activities of BRE and B+T were low, but still Dual promoter with overlapping activator sequences detectable. GvpE might help to recruit TFB to induce at least some transcription.
The activities of the respective 'P D ' promoter chimeras were quantified by RNA dot blot analysis of the gvpD mRNA (Fig. 5b) . The transformants InvE, InvE+B, InvE+B+T, TATA, BRE and B+T all yielded a stronger activation compared with P D wild-type, implying that the original P A promoter strength is based on all these elements. In particular, the transfer of BRE A to 'P D ' in mutant BRE resulted in a stronger BgaH activity compared with the wild-type P D . All elements of P A were able to reconstitute a functional promoter in 'P D ' and thus contributed to the stronger activity (Fig. 5b) .
These analyses uncovered differences between P A and P D , since BRE D did not function in 'P A ', whereas BRE A could substitute for BRE D in 'P D '. All other promoter elements could be exchanged without the loss of function. The sequences of BRE A (ACAACT) and BRE D (TCGTAC) are The two reading frames used as reporters are bgaH fused to P A and gvpD UGA fused to P D . Abbreviations of the chimeras are: InvE, exchange of both UASs; InvE+B, inversion of UAS+BRE; InvE+B+T, inversion of UAS+BRE+TATA; TATA, exchange of the two TATA boxes; BRE, exchange of BRE; B+T, exchange of TATA+BRE. pWL/pJAS, 'empty' vectors; transformants containing these two vector plasmids were used as negative controls. The activities of the 'P A ' promoter chimeras determined by BgaH assay are given on the right in mU mg "1 ; three to four different transformants were used to determine these values; ND not detectable. The GvpE induction of the wild-type P A promoter was classified as 100 % (underlined), and the GvpE-induced activities of the mutants were calculated accordingly. The GvpE-induced activities of the opposite 'P D ' promoter chimeras were determined by RNA dot blot analyses (see Fig. 5b; n52) . The amounts of gvpD mRNA are given by '+' on the left, with ++++ indicating the greatest amount. (b) RNA dot blot analyses using a serial dilution of 2 mg of total RNA isolated from the respective Hfx. volcanii transformants. The amounts of RNA present in each lane after serial dilution are given on the left; the lanes are numbered 1-8. The RNA derived from transformants harbouring the promoter construct by itself (without pE ex ) was used to determine the basal 'P D ' activity, and RNA of transformants +pE ex was used to determine the GvpE-induced 'P D ' activity. The RNA was blotted on nylon membranes and probed with a DIG-labelled gvpD-specific probe.
very different, but both resemble the consensus BRE sequence CGAAA determined for haloarchaea (Brenneis et al., 2007) . BRE serves as a TFB recognition element together with an additional region downstream of the TATA box (Littlefield et al., 1999; Renfrow et al., 2004) . The GvpE-induced activity of 'P A ' reached 40 % of the original P A promoter activity, implying that the combination of these elements of P D leads to an approximately twofold weaker induction compared with P A . On the other hand, the activity of 'P D ' was twofold enhanced in InvE and B+T. These differences of 'P A ' and 'P D ' correspond well to the activities determined for both wildtype promoters in P A -bgaH and P D -bgaH, where P D yielded 40 % of the BgaH activity determined for P A (Table 1) .
Scanning mutagenesis of P D in P D -bgaH
The observed defect in the function of BRE D in the environment of 'P A ' led to a search for additional sequence elements influencing the activity of P D in the region between TATA and the TS. A 4 nt scanning mutagenesis was performed with the 50 nt region upstream of the TS in construct P D -bgaH. The substitutions were selected in such a way that the nucleotides introduced were different from the nucleotides found at the respective positions in the related c-vac and mc-vac regions (Englert et al., 1992) (Fig.  6) . The basal promoter activities determined for each P DbgaH mutant were similar to that of the P D wild-type when the mutation was introduced upstream of BRE D (mutants M1 to M4) or close to the TS (M12). However, the mutations affected the basal transcription in mutants M5-M7 and M9-M11 (Fig. 6 ). The basal P D promoter activities of these mutants were, at ,1 mU (mg BgaH)
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, very low, and also the GvpE-induced activities reached only 1-32 % of the wild-type level (Fig. 6 ). This 21 nt region is located immediately downstream of the TATA box and might serve at least in part as an additional contact site for TFB (Kosa et al., 1997; Littlefield et al., 1999) . It also contains the sequence AA at position 211/210 proposed as an additional recognition site for TFB (Brenneis et al., 2007) . The 4 nt region altered in M8 led to strong basal and GvpE-induced activities in this mutant (Fig. 6) . The substitutions in M8 might have altered the putative TFB contact site, and it is possible that this influences the promoter occupancy.
A similar scanning mutation analysis of sequences located between TATA and TS of P A does not show any effect on the basal or GvpE-induced activity, except for the alteration at position 210/211, where a reduction to 50 % has been observed (Hofacker et al., 2004) . This result underlines the importance of the AA sequence for basal transcription (Brenneis et al., 2007) . Thus, P A and P D differ in the function of the sequences located between the respective TATA and TS. Together with the different behaviour of BRE D this might hint that P D requires a different TFB from P A . Both Hbt. salinarum and Hfx. volcanii contain several genes encoding TFB (and TBP), and their expression appears to be differentially regulated under certain growth conditions (Coker et al., 2007; Turkarslan et al., 2011; Bleiholder et al., 2012) . The use of different TFB proteins to initiate transcription at P A and P D might also explain why P A is already active during exponential growth, whereas P D is activated at a later growth stage only (Offner & Pfeifer, 1995) . The percentage values were calculated with respect to the GvpE-induced activities of the wild-type P D promoter, which was classified as 100 % (underlined). The sequences between the TATA and TS that reduced the promoter strength when mutated are boxed. The arrow and +1 mark the TS.
Comparison with other archaeal divergent promoters
To our knowledge, this dual promoter region separating the two divergent gvp transcription units in Hbt. salinarum PHH1 contains the only overlapping activator element found in archaea thus far. The arrangement resembles overlapping operator sequences in bacteriophage lambda. An overlapping repressor element has been described for methanogenic archaea and is found in the promoter regions of five genes involved in nitrogen uptake (Lie et al., 2010) . This operator sequence is located between the TATA box and TS, and the binding of the NrpR repressor prevents the transcription of these genes under certain conditions.
The promoter region required for the expression of the genes encoding the selenium-free [NiFe]-hydrogenases in Methanococcus voltae contains two divergent promoters that are co-regulated by activation and repression (Noll et al., 1999; Müller & Klein, 2001; Sun & Klein, 2004) . However, the distance between the two TATA boxes is, at 453 nt, significantly larger than the intervening sequence of P A -P D . The region connecting the vhc and frc transcription units in M. voltae contains cis-acting elements for both negative and positive transcriptional regulation, and two 11 bp activator recognition sites act asymmetrically on the two promoters. The effect of alterations in the frc-proximal site on promoter P frc is smaller than on P vhc , while mutations in the vhc proximal site strongly reduce the activity of both promoters (Müller & Klein, 2001) . The latter site is thus regarded as the primary binding site of the activator. The two binding sites are located 27 (vhc) or 84 (frc) nt upstream of the TATA box, and thus much further upstream than UAS A and UAS D described here. In addition, these UASs do not overlap, but are 166 nt apart. The compact arrangement of the two UAS elements in the P A -P D promoter region appears to be unique and a distinct feature of the gas vesicleproducing Hbt. salinarum and Haloferax mediterranei. Such an arrangement of regulatory elements is not found with the gvp genes of other haloarchaea (e.g. Halorubrum vacuolatum or Haloquadratum walsbyi), which all contain a single gvpACNOFGHIJKLM transcription unit and lack the two regulator genes gvpDE.
Conclusion
The two oppositely oriented promoters P A and P D differ in their promoter strength, and the stronger P A drives the expression of the gas vesicle structural proteins GvpA and GvpC. The promoter elements TATA A and BRE A are the basis for a stronger basal activity of P A , since these elements contributed to a stronger activity of 'P D ' when transferred to the opposite location. Also, at the level of GvpEmediated activation, UAS A enhances the promoter activity more efficiently than UAS D . Each UAS consists of two 8 nt portions (P A , 1A+2A; P D , 1D+2D), and both portions are required for GvpE-mediated activation. The activities promoted by these 8 nt portions decreased in the order 2A.1A52D.1D, and portion 1D exhibited the least sequence conservation relative to portion 2A, which provides the strongest activation. Changes in the central region of P A -P D , i.e. in the overlapping portions 1A and 1D, affected the activities of both promoters. Portion 1A might be more active in binding GvpE, thus activating P A more efficiently. The stronger P A promoter is important to ensure the production of large amounts of the major gas vesicle structural protein GvpA, forming the wall of this watertight, but gas-diffusible, structure.
